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The c-axis penetration depth ∆λc in Bi2Sr2CaCu2O8+δ (BSCCO) single crystals as a func-
tion of temperature has been determined using two techniques, namely, measurements of the ac-
susceptibility at a frequency of 100 kHz and the surface impedance at 9.4 GHz. Both techniques
yield an almost linear function ∆λc(T ) ∝ T in the temperature range T < 0.5 Tc. Electrodynamic
analysis of the impedance anisotropy has allowed us to estimate λc(0) ≈ 50 µm in BSCCO crystals
overdoped with oxygen (Tc ≈ 84 K) and λc(0) ≈ 150 µm at the optimal doping level (Tc ≈ 90 K).
Cuprate high-temperature superconductors (HTS) are
layered anisotropic materials. Therefore the electrody-
namic problem of the magnetic field penetration depth
in HTS in the low-field limit is characterized by two
length parameters, namely, λab controlled by screening
currents running in the CuO2 planes (in-plane penetra-
tion depth) and λc due to currents running in the di-
rection perpendicular to these planes (out-of-plane or c-
axis penetration depth). The temperature dependence
of the penetration depth in HTS is largely determined
by the superconductivity mechanism. It is known (see,
e.g., Ref.1 and references therein) that ∆λab(T ) ∝ T in
the range T < Tc/3 in high-quality HTS samples at the
optimal level of doping, and this observation has found
the most simple interpretation in the d-wave model of
the high-frequency response in HTS2. Measurements of
λc(T ) are quoted less frequently than those of λab(T ).
Most of such data published by far were derived from mi-
crowave measurements of the surface impedance of HTS
crystals3–11. There is no consensus in literature about
∆λc(T ) at low temperatures. Even in reports on low-
temperature properties of high-quality YBCO crystals,
which are the most studied objects, one can find both
linear, ∆λc(T ) ∝ T
4,9, and quadratic dependences11 in
the range T < Tc/3. In BSCCO materials, the shape
of ∆λc(T ) depends on the level of oxygen doping: in
samples with maximal Tc ≃ 90 K ∆λc(T ) ∝ T at low
temperatures7,8; at higher oxygen contents (overdoped
samples) Tc is lower and the linear function ∆λc(T )
transforms to a quadratic one8. The common feature of
all microwave experiments is that the change in the ratio
∆λc(T )/λc(0) is smaller than in ∆λab(T )/λab(0) because
in all HTS λc(0)≫ λab(0). The length λc(0) is especially
large in BSCCO crystals, λc(0) > 10 µm and, according
to some estimates, it ranges up to ∼ 500 µm. The large
spread of λc(0) is caused by two factors, namely, the poor
accuracy of the techniques used in determination of λc(0)
and effects of local and extended defects in tested sam-
ples, whose range is of order of 1 mm and comparable to
both λc and total sample dimensions.
Recently we suggested12 a new technique for determi-
nation of λc(0) based on the measurements of the sur-
face barrier field HJ (T ) ∝ 1/λc(T ) at which Josephson
vortices penetrate into the sample. The field HJ corre-
sponds to the onset of microwave absorption in the locked
state of BSCCO single crystals. This paper suggests an
alternative technique based on comparison between mi-
crowave measurements of BSCCO crystals aligned dif-
ferently with respect to ac magnetic field and a numer-
ical solution of the electrodynamic problem of the mag-
netic field distribution in an anisotropic plate at an ar-
bitrary temperature. Moreover, since λc(0) in BSCCO
single crystals is relatively large, we managed to deter-
mine λc(T ) from the temperature dependences of ac-
susceptibility and compare these measurements to results
of microwave experiments.
Single crystals of BSCCO were grown by the floating-
zone method13 and shaped as rectangular platelets. This
paper presents measurements of two BSCCO samples
with various levels of oxygen doping. The first sam-
ple (#1), characterized by a higher critical tempera-
ture, Tc ≈ 90 K (optimally doped), has dimensions
a × b × c ≃ 1.5 × 1.5 × 0.1 mm3 (a ≈ b). The second
(#2, a × b × c ≃ 0.8 × 1.8 × 0.03 mm3) is slightly over-
doped (Tc ≈ 84 K).
When measuring the ac-susceptibility χ = χ′ − iχ′′,
we placed a sample inside one of two identical induction
coils. The coils were connected to one another, and the
out-of-phase and in-phase components of the imbalance
signal were measured at a frequency of 105 Hz. These
1
components are proportional to the real and imaginary
parts of the sample magnetic moment M , respectively:
M = χvH0, where v is the sample volume and H0 is the
ac magnetic field amplitude, which was within 0.1 Oe in
our experiments.
Figure 1 shows temperature dependences χ′(T )/|χ′(0)|
in sample #1 for three different sample alignments with
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FIG. 1. Curves of the ac-susceptibility of sample #1 versus
temperature in different orientation with respect to ac mag-
netic field: Hω ‖ c (full circles); Hω ⊥ c, Hω is parallel to
the b-edge of the crystal (up triangles); Hω ⊥ c, Hω is par-
allel to the a-edge of the crystal (down triangles). Left-hand
inset: transverse (T) orientation, Hω ‖ c, the arrows on the
surfaces show directions of the screening current. Right-hand
inset: Longitudinal (L) orientation, Hω ⊥ c.
respect to the ac magnetic field: the transverse (T) ori-
entation, Hω ‖ c, (the inset on the left of Fig. 1), when
the screening current flows in the ab-plane (full circles);
in the longitudinal (L) orientation, Hω ⊥ c, (the inset
on the right of Fig. 1, Hω is parallel to the b-edge of
the crystal), when currents running in the directions of
both CuO2 planes and the c-axis are present (up tri-
angles); in the L-orientation, Hω ⊥ c, whose differ-
ence from the previous configuration is that the sam-
ple is turned around the c-axis through 90◦ (down trian-
gles). Fig. 1 clearly shows that at T < Tc χ
′
ab(T ) is no-
tably smaller in the T-orientation than χ′ab+c(T ) in the
L-orientation (the subscripts of χ′ denote the direction
of the screening current). The coincidence of χ′ab+c(T )
curves at Hω ⊥ c and the small width of the super-
conducting transition at Hω ‖ c (∆Tc < 1 K) indicate
that the quality of the tested sample #1 is fairly high.
This is supported by precision measurements of surface
impedance Zs(T ) = Rs(T ) + iXs(T ) of sample #1 at
frequency f = 9.4 GHz in the T-orientation, which are
plotted in Fig. 2. The measurement technique was de-
scribed in detail elsewhere1. It applies to both surface
impedance components Rs(T ) and Xs(T ):
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FIG. 2. Surface resistance Rs(T ) and reactance Xs(T ) in
ab-plane (T-orientation) of sample #1 at 9.4 GHz. The insets
show linear plots of λ(T ) and Rs(T ) at low temperatures.
Rs = Γs∆(1/Q), Xs = −2 Γs δf/f, (1)
Here Γs = ωµ0
∫
V
H2ωdV/[
∫
S
H2sdS] is the sample ge-
ometrical factor (ω = 2pif , µ0 = 4pi · 10
−7 H/m, V
is the volume of the cavity, Hω is the magnetic field
generated in the cavity, S is the total sample surface
area, and Hs is the tangential component of the mi-
crowave magnetic field on the sample surface); ∆(1/Q)
is the difference between the values 1/Q of the cavity
with the sample inside and empty cavity; δf is the fre-
quency shift relative to that which would be measured
for a sample with perfect screening, i.e., no penetra-
tion of the microwave fields. In the experiment we mea-
sure the difference ∆f(T ) between resonant frequency
shifts with temperature of the loaded and empty cavity,
which is equal to ∆f(T ) = δf(T ) + f0, where f0 is a
constant14. The constant f0 includes both the perfect-
conductor shift and the uncontrolled contribution caused
by opening and closing the cavity. In HTS single crystals,
the constant f0 can be directly derived from measure-
ments of the surface impedance in the normal state; in
particular, in the T-orientation f0 can be derived from
the condition that the real and imaginary parts of the
impedance should be equal above Tc (normal skin-effect).
In Fig. 2 Rs(T ) = Xs(T ) at T ≥ Tc, and its tempera-
ture dependence is adequately described by the expres-
sion 2R2s(T )/ωµ0 = ρ(T ) = ρ0 + bT with ρ0 ≈ 13 µΩ·cm
and b ≈ 0.3 µΩ·cm/K. Given Rs(Tc) =
√
ωµ0ρ(Tc)/2 ≈
0.12 Ω, we obtain the resistivity ρ(Tc) ≈ 40 µΩ·cm. The
insets to Fig. 2 show Rs(T ) and λ(T ) = Xs(T )/ωµ0 for
T < 0.7Tc plotted on a linear scale. The extrapolation
of the low-temperature sections of these curves to T = 0
yields estimates of λab(0) ≈ 2600 A˚ and the residual sur-
face resistance Rres ≈ 0.5 mΩ. Rres is due to various
defects in the surface layer of the superconductor and it
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is generally accepted that the lower the Rres, the bet-
ter the sample quality. The above mentioned parameters
of sample #1 indicate that its quality is fairly high. In
the T-orientation, linear functions ∆Rs(T ) and ∆λab(T )
in the low-temperature range were previously observed
in optimally doped BSCCO crystals at a frequency of
about 10 GHz7,8,15. In the slightly overdoped sample #2
we also observed ∆λab(T ), ∆Rs(T ) ∝ T at low temper-
ature, moreover, the measurement Rres ≈ 120 µΩ is, to
the best of our knowledge, the lowest value ever obtained
in BSCCO single crystals.
In both superconducting and normal states of HTS,
the relation between electric field and current density
is local: j = σˆE, where the conductivity σˆ is a tensor
characterized by components σab and σc. In the normal
state, ac field penetrates in the direction of the c-axis
through the skin depth δab =
√
2/ωµ0σab and in the
CuO2 plane through δc =
√
2/ωµ0σc. In the supercon-
ducting state all parameters δab, δc, σab = σ
′
ab − iσ
′′
ab,
and σc = σ
′
c−iσ
′′
c are complex. In the temperature range
T < Tc, if σ
′ ≪ σ′′, the field penetration depths are given
by the formulas λab =
√
1/ωµ0σ′′ab, λc =
√
1/ωµ0σ′′c . In
the close neighborhood of Tc, if σ
′ >
∼ σ
′′, the decay of
magnetic field in the superconductor is characterized by
the functions Re (δab) and Re (δc), which turn to δab and
δc, respectively, at T ≥ Tc.
In the L-orientation of BSCCO single crystals at T <
0.9Tc the penetration depth is smaller than characteris-
tic sample dimensions. If we neglect the anisotropy in
the ab-plane and the contribution from ac-faces (see the
inset to Fig. 1), which is a factor ∼ c/b smaller than
that of the ab-surfaces, the effective impedance Zab+cs in
the L-orientation can be expressed in terms of Zabs and
Zcs averaged over the surface area
1,5 (the superscripts of
Zs denote the direction of the screening current). Thus,
given measurements of ∆λab(T ) = ∆X
ab
s (T )/ωµ0 in the
T-orientation and of the effective value ∆λab+c(T ) =
∆Xab+cs (T )/ωµ0 in the L-orientation, we obtain
∆λc = [(a+ c)∆λab+c − a∆λab] /c . (2)
This technique for determination of ∆λc(T ) was used
in microwave experiments3–9 at low temperatures, T <
Tc. Even so, it cannot be applied to the range of higher
temperatures because the size effect plays an important
role. Really, at T > 0.9Tc the lengths λc and δc are com-
parable to the sample dimensions. In order to analyze
our measurements in both superconducting and normal
states of BSCCO, we used formulas16 for field distribu-
tions in an anisotropic long strip (b ≫ a, c) in the L-
orientation. These formulas neglect the effect of ac-faces
of the crystal, but take account of the size effect. In addi-
tion, in a sample shaped as a long strip, there is a simple
relation between its surface impedance components and
ac-susceptibility, which is expressed in terms of parame-
ter µ introduced in Ref.16:
∆ (1/Q)− 2i δf/f = iγµv/V, χ = −1 + µ, (3)
where γ = V H20/[
∫
V
H2ωdV ] = 10.6 is a constant char-
acterizing our cavity1. At an arbitrary temperature, the
complex parameter µ = µ′−iµ′′ is controlled by the com-
ponents σab(T ) and σc(T ) of the conductivity tensor:
µ =
8
pi2
∑
n
1
n2
{
tan(αn)
αn
+
tan(βn)
βn
}
, (4)
where the sum is performed over odd integers n > 0, and
α2n = −
a2
δ2c
(
i
2
+
pi2
4
δ2ab
c2
n2
)
, β2n = −
c2
δ2ab
(
i
2
+
pi2
4
δ2c
a2
n2
)
.
In the superconducting state at T < 0.9Tc we find that
λab ≪ c and λc ≪ a. In this case, we derive from Eq. (4)
a simple expression for the real part of µ:
µ′ = 1 + χ′ =
2λc
a
+
2λab
c
. (5)
One can easily check up that in the range of low tem-
peratures the change in ∆λc(T ) prescribed by Eq. (5)
is identical to Eq. (2). Figure 3 shows measurements of
∆λc(T ) in sample #1 (circles) and sample #2 (squares)
at T < 0.9Tc. The open symbols plot low-frequency
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FIG. 3. Temperature dependences ∆λc in samples #1 (cir-
cles) and #2 (squares) at T < 0.9 Tc. Open symbols plot
low-frequency measurements, full symbols show microwave
data. The inset shows low temperature sections of the ∆λc
curves in sample #1.
measurements obtained in accordance with Eq. (5), the
full symbols plot microwave measurements processed by
Eq. (2). Agreement between measurements of sample #2
(lower curve) is fairly good, but in fitting together exper-
imental data from sample #1 (upper curve) we had to
divide by a factor of 1.8 all ∆λc(T ) derived from mea-
surements of ac-susceptibility using Eq. (5). The cause
of the difference between ∆λc(T ) measured in sample #1
at different frequencies is not quite clear. We rule out
a systematic experimental error that could be caused
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by misalignment of the sample with respect to the ac
magnetic field in the coil because (i) curves of ∆λc(T )
were accurately reproduced when square sample #1 was
turned through an angle of 90◦ in the L-orientation, and
(ii) a small tilt of this sample with respect to the mag-
netic field generated by the coil would lead to a larger
difference (more than a factor of 1.8) between the two
sets of experimental data. It seems more plausible that
Eqs. (2) and (5), which neglect the contribution of ac-
faces, yield inaccurate results concerning sample #1: its
ac-faces, which have a notable area (sample #1 is thick),
can host a lot of defects (for example, those of the ca-
pacitive type), and the latter can affect the character of
field penetration as a function of frequency.
The curves of ∆λc(T ) at T < 0.5Tc plotted in Fig. 3
are almost linear: ∆λc(T ) ∝ T . The inset to Fig. 3 shows
the low-temperature section of the curve of ∆λc(T ) in
sample #1. Its slope is 0.3 µm/K and equals that from
Ref.8. Note also that changes in ∆λc(T ) are smaller in
the oxygen-overdoped sample #2 than in sample #1.
We can estimate λc(0) by substituting in Eq. (1) δf(0)
obtained by comparing of ∆(1/Q) and ∆f = δf − f0
measurements taken in the T- and L-orientations to nu-
merical calculations by Eqs. (3) and (4), which take ac-
count of the size effect in the high-frequency response
of an anisotropic crystal. The procedure of compar-
ison for sample #1 is illustrated by Fig. 4. Unlike
the case of the T-orientation, the measured tempera-
ture dependence of ∆(1/Q) in the L-orientation devi-
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FIG. 4. Temperature dependences of ∆(1/Q) (open
squares) and −2∆f/f (open circles) in the L-orientation
of sample #1 at T > Tc. Solid line shows the function
−2δf(T )/f deriving from Eq. (3). Left-hand inset: ∆(1/Q)
and −2∆f/f as functions of temperature in the neighborhood
of Tc. Right-hand inset: ρc(T ) in sample #1 (triangles).
ates from (−2∆f/f) owing to the size effect. Using
the measurements of Rs =
√
ωµ0/2σab at T > Tc in
the T-orientation (Fig. 2) for determination of σab(T ),
alongside the data on ∆(1/Q) in the L-orientation (open
squares in Fig. 4), from Eqs. (3) and (4) we obtain the
curve of ρc(T ) = 1/σc(T ) shown in the right-hand in-
set to Fig. 4. Further, using the functions σc(T ) and
σab(T ), we calculate (−2δf/f) versus temperature for
T > Tc, which is plotted by the solid line in Fig. 4. This
line is approximately parallel to the experimental curve
of −2∆f/f in the L-orientation (open circles in Fig. 4).
The difference −2(δf − ∆f)/f yields the additive con-
stant f0. Given f0 and ∆f(T ) measured in the range
T < Tc, we also obtain δf(T ) in the superconducting
state in the L-orientation. As a result, with due account
of λab(T ) (the inset to Fig. 2), we derive from Eqs. (3)
and (5) λc(0), which equals approximately 150 µm in
sample #1. A similar procedure performed with sam-
ple #2 yields λc(0) ≈ 50 µm, which is in agreement with
our measurements of overdoped BSCCO obtained using
a different technique12. We also estimated λc(0) on the
base of absolute measurements of the susceptibility χ′c(0)
from Eq. (5), and we obtained λc(0) ≈ 210 µm for sam-
ple #1 and λc(0) ≈ 70 µm for sample #2. These results
are in reasonable agreement with our microwave mea-
surements if we take into consideration the fact that the
accuracy of λc measurements is rather poor and the error
can be up to 30%.
In conclusion, we have used the ac-susceptibility and
cavity perturbation techniques in studying anisotropic
high frequency properties of BSCCO single crystals. We
have observed almost linear dependences ∆λc(T ) ∝ T ,
which are in fair agreement with both experimental7,8,12
and theoretical17 results by other researchers. We have
also investigated a new technique for determination of
λc(0), which is a factor of three higher in the optimally
doped BSCCO sample than in the overdoped crystal.
The ratio between the slopes of curves of ∆λc(T ) in the
range T ≪ Tc is the same. These facts could be put
down to dependences of λc(0) and ∆λc(T ) on the oxygen
content in these samples. At the same time, we can-
not rule out influence of defects in the samples on λc(0),
even though their quality in the ab-plane is fairly high,
according to our experiments. In order to draw ultimate
conclusions concerning the nature of the transport prop-
erties along the c-axis in BSCCO single crystals, studies
of more samples with various oxygen contents are needed.
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